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Introduction
30 years ago, PTB developed the Beta Secondary Standard Type 1 (BSS 1) for radiation protection. It was manufactured and distributed by Buchler in Braunschweig [1] - [4] . It produces beta reference radiation fields for the calibration and determination of the response of dose (rate) meters using sealed beta sources of the radio nuclides 147 Pm, 204 Tl and 90 Sr / 90 Y [5] . Measuring quantity was the absorbed dose in soft tissue at the surface of a semi-infinitely expanded soft tissue equivalent phantom of density 1 g/cm 3 . The calibration of the sources was traceable to the PTB beta primary standard. In 1984, the control unit was slightly modified. Figure 1 shows all the components of the BSS 1, the
• source stand with source holder, shutter and beam-flattening filter,
• transport-and storage box for the four beta sources,
• control unit,
• distance gauge and source manipulator, in both versions, 1 and 2.
The BSS 1 was quite popular, so that more than 100 devices were sold worldwide, together with PTB calibration. The increasing importance of beta dosimetry and the experience gained with the BSS 1 were the driving force to issue, in 1996, the ISO standard ISO 6980, Reference beta radiations for calibrating dosimeters and dose-rate meters and for determining their response as a function of beta-radiation energy [6] . It is not surprising that the BSS 1 was in line with it.
In 1994, problems with the supply of 204 Tl sources arose. Investigations showed that 85 Kr could be an even better substitute. In addition, the need for quality assurance had strongly increased, so a complete redesign was started. The result was the new Beta Secondary Standard Type 2 (BSS 2), which has been produced since 1998 by QSA Global GmbH (at D-38110 Braunschweig). The main features of the BSS 2 are as follows.
Firstly, the electronic control unit operates the irradiation facility together with a special software. All calibration and correction factors were considered thereby. In addition, the softand hardware recognises the type of beta source and the type of beam-flattening filter, the distance and the angle of radiation incidence on the instrument under test and compares all these values with the preset values. With these values and with further data on the climate, the dose (rate) value of the irradiation is determined together with the associated uncertainty according to the "Guide to the expression of uncertainty in measurement (GUM)" [7] . All values were stored on a hard disk.
Secondly, to improve radiation protection, every source has its own shutter so that it can be handled like a check source, without the need for an additional manipulator.
Thirdly, the source set consists of three sources, one of the nuclides 147 Pm, 85 Kr (instead of 204 Tl) and 90 Sr / 90 Y, but each with an activity higher than in the case of the BSS 1. All sources were calibrated together with their associated beam-flattening filter at the same distances as before. In addition, calibrations of the 90 Sr / 90 Y source were performed at distances of 11 cm, 20 cm, 30 cm and 50 cm without beam-flattening filter. A special shifting-table enables the mounting and adjustment of radiation detectors of different design. The table can be shifted and turned. The shifting function allows the distance to be adjusted, so that the reference point of the dosemeter coincides with the point of test, and the turning function allows adjusting of the angle of radiation incidence in steps of 5°.
The whole irradiation facility can be turned to obtain a vertical beam. After 1996, a new concept for ISO standards on reference radiation fields was introduced for photon and neutron radiation, which should also be realised for beta-particle radiation. Therefore, between 2004 and 2006, the new versions ISO 6980-1 [8] , ISO 6980-2 [9] and ISO 6980-3 [10] were issued, considering, among other things, the experience gained with the new BSS 2. Therefore, the BSS 2 was fully in line with them. Figure 2 shows a picture of the prototype of the BSS 2, manufactured by ESW GmbH (at D-31008 Elze). The sources were produced and mounted into the source holder by QSA Global GmbH. The BSS 2 is now commercially available from QSA Global GmbH (at D-38110 Braunschweig).
Figure 2. Prototype of the Beta Secondary Standard Type 2 (BSS 2).
In the following, the BSS 2 will be described in detail and compared with the BSS 1. The comparison is done with respect to the spectral distribution of the radiation energy and to the homogeneity of the radiation beam in the area of measurement. Further on, we will report on the experience we have made in calibrating 25 source sets. The intention of this paper is not to replace the Operation Manual of the BSS 2 [11] , but to provide additional information on the physical and technical background.
Measuring quantity and phantoms

Measuring quantity
Beta radiation is weakly penetrating radiation. 
D
, as basic physical measuring quantity, see [12] , [13] and [14] . . For α = 0° the reference direction of the dosemeter coincides with the reference direction of the irradiating facility. For more details, see [5] .
Both dose equivalent quantities, for area and for individual dosimetry are determined from the basic physical measuring quantity, the absorbed dose in tissue at the tissue depth of 0.07 mm, ) 0 ; 07 . 0 ( t°D , using the conversion coefficients ) ;
or h p,D (0.07; α), respectively. The PTB operates a primary standard measuring device for the absorbed dose to tissue at zero degree radiation incidence, ) 0 ; 07 . 0 ( t°D , using an extrapolation chamber [15] , [16] . Thus, PTB is able to offer calibrations of beta sources, e. g. of the BSS 2.
Phantoms
For the calibration of dosemeters, the slab, pillar and rod phantom as defined by ISO [13] , [14] , [17] are to be used. The new ISO standard 6980-3:2006 [10] and recent measurements with thermoluminescence detectors [18] show that within the uncertainties obtained, also for 90 Sr / 90 Y beta radiation, no difference exists between the value of h p,D (0.07; α) for the slab and the rod phantom. This contradicts old measurements [19] , [20] , which showed a difference of 3% in the mean. For the two other sources, no differences were ever considered. Therefore, the latest BSS 2 software does not allow for any differences for all ISO phantoms, but assumes for the 90 Sr / 90 Y beta sources a larger uncertainty for the conversion coefficients for the rod phantom than for the slab phantom.
Determination of the dose (rate) value
Photon contamination
The reference beta fields of the BSS 2 are contaminated with photon radiation, which is predominantly bremsstrahlung from the sealing of the beta sources. This photon radiation also contributes to the dose (rate) values. Measurements using photon area dose rate meters at the BSS 2 result in dose rates due to photon radiation which amount to up to 2% of those due to beta radiation. These dose rate values are not included in the dose (rate) values given by the BSS 2. For any type of detector, the contribution of the photon contamination to the measured dose (rate) value has to be determined separately. This can be done by using absorbers which totally attenuate the beta radiation, i.e. the thickness should be at least equivalent to the residual maximum beta particle range, R res , of the BSS 2 sources. The dependence of the residual maximum beta energy, E res , on R res is given by ( ) Y radiation. The thickness should not be much larger, in order to avoid attenuation of the photon radiation.
Principle of dose (rate) determination
The radiation field of the BSS 2 can be used to irradiate dosemeters of very different designs. In any case, the reference point of the dosemeter, as specified by the manufacturer, must be
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-6 -positioned at the point of test of the beta reference field of the BSS 2. The dose rate at the point of test is given by equations (3.1) and (3.2 at the depth of 0.07 mm and angle α of radiation incidence on the dosemeter. For the determination of the dose value, the BSS 2 uses the dose rate as given above and multiplies it by the irradiation time. If a dose value is preset, then the BSS 2 subsequently calculates the accumulated dose, using all the correction factors as mean values (time weighted) over the irradiation time elapsed, and closes the shutter when the preset value is reached. Then the best estimate of the dose is calculated, which -due to the reaction time of the BSS 2 (some milliseconds) and the transit time of the shutter -is slightly different from the preset value.
All the equations and values of the correction factors and conversion coefficients explained in paragraphs 3.2 to 3.5 are taken into account by the software of the BSS 2. This is achieved by two files, named "betafakt.ini" -for all common BSS 2 data -and "betasek2.ini" -for the individual data of each BSS 2 -which are read any time the software is used. These files can be replaced if changes are required.
Correction factor for radioactive decay
The correction factor for radioactive decay, de k , is given by
where t is the date for which the dose (rate) should be corrected, t 0 is the reference date for which the dose rate is given in the calibration certificate. t 1/2 is the half-life value as given by PTB report PTB-Ra-16 [21] ,
The values of t 1/2 used by the BSS 2 together with the associated standard uncertainty (k = 1) are given in table 1 [21] . 
Correction factor for air absorption
The correction factor c abs allows for variations in the attenuation and scattering of beta particles between the source and the point of test due to variations from the reference conditions. It corrects from the reference conditions to the actual conditions prevailing. In ISO 6980-2:2004 [9] , the determination of the best estimate of the dose (rate) under reference conditions is described. Thus, the correction factor for air absorption, k abs , given in ISO 6980-2 is for the correction from the conditions actually prevailing to the reference conditions. The correction factor required here is the inverse, c abs = 1/k abs , i.e. from the reference conditions to the conditions actually prevailing. The determination of this correction factor c abs is described here in detail, using the concept of ISO 6980-2. The basis for all calculations is the assumption that the total attenuation and scattering of beta particles in the air layer between the surface of the source and the point of test and -further on -inside the phantom used for the definition of the quantity can be described by one single parameter, the total tissue equivalent thickness, X, of all these material layers, measured, e. g., in kg m -2 . For the tissue layer inside the definition-phantom, this yields 0.07 kg m -2 . The total effect is described by the transmission function in tissue, T t (X): 
where X is the total tissue equivalent thickness of the material between the surface of the source and the point used for the definition of the quantity inside the phantom. The total tissue equivalent thickness, X, is calculated according to For reference conditions, the tissue layer is X 0 . Then the correction factor c abs is given by ) (
where c abs is the correction factor for variations in the attenuation and scattering of beta particles between the source and the point of test due to variations from the reference conditions and
is the transmission function for the tissue layer X. In ISO 6980-2, equation (3.6) is considered as specially normalized transmission function with the symbol T t '(X) and formal representations are given for various nuclides.
For 147 Pm, the specially normalized transmission function is adequately represented by ( )
where f 0 , f 1 and f 2 are empirical fitting parameters which depend on the characteristics of the 147 Pm source used. 
where ρ air is the actual value of the air density, ρ air, 0 is the reference value of the air density, ρ air,0 = 1.1974 kg m -3 , see above, p is the actual value of the air pressure, r is the actual value of the relative air humidity, T is the actual value of the absolute temperature, T 0 is the reference value of the absolute temperature, T 0 = 293.15 K (20 °C). 2 In ISO 6980-2:2004 [9] , the values of the parameter f 4 are given in cm 2 g -1 and of the parameters f 5 in cm 4 g -2 . Therefore, the numerical values differ by a factor of 10 or 100, respectively.
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The BSS 2 measures the air pressure, p, with a relative standard uncertainty of 0.1%, the temperature, T, within ± 0.3 K and the relative humidity, r, within ± 0.02.
The transmission functions given by equations (3.7) and (3. the transmission function for 85 Kr is constant, ) ( ' t X T = 1.050. To estimate the temperature and air pressure ranges given by equations (3.13) and (3.14), the range limits could be transferred to values of air pressure or temperature, which alone would produce the same value of ∆X. These values are also given in table 3 for the relevant limits for all nominal calibration distances Y 0 . The influence of the relative humidity on the value of ∆X is small, so no values are given. The critical value is the air pressure, which can hardly be controlled. The range for all calibration conditions extends at least from 89.5 kPa to 119 kPa if the temperature is adjusted to 293.15 K (20.0 °C).
Compared to the superseded ISO 6980 standard of 1996 [6] , the reference value of the relative air humidity, r 0 , has changed from 0.45 (45%) to 0.65 (65%), resulting in a change of the reference air density, ρ air,0 , from 1.1995 relative humidity. The value 1.0094 is calculated using the correction factor c abs for the above-mentioned change in the relative air humidity, see equations (3.12) for ρ air , equation (3.11) for ∆X , table 3 for X 0 and finally equation (3.7) for c abs . The stated uncertainty (given for k = 2) is calculated using the method described in paragraph 7, see equation (7.1). The low uncertainty value is due to the very low change in the air density. For calculating c abs for ∆X = 0, i. e. reference conditions and no change at all, and applying the uncertainty calculation, the value of the correction factor c abs should be unity and the uncertainty zero. That is the case for the method described in paragraph 7.
Conversion coefficients
The values of the conversion coefficients ) ;
, see equations (3.1) and (3.2), have been measured for the BSS 2 using the primary standard measuring device of the PTB [15] , [16] . For α = 0° the numerical value is 1.00 Sv Gy -1 -which is due to the definitions of the quantities and the fact that no difference exists between the different ISO
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-11 -phantoms, see 2.2. For α = 5° to α = 60°, measurements relative to α = 0° were performed at the BSS 2 prototype using the methods described in [10] and [22] . The values for all ISO phantoms are given in table 4 and shown in figure 3. In figure 3 some additional measurements for angles up to α = 90° are shown. The relative standard uncertainties (k = 1) are also given in 
Layout and functionality of the BSS 2 4.1 Irradiation device
The complete irradiation device, see figure 2 , consists of the following parts: -a set of three source holders, see figure 4 , each consisting of a beta radiation source, a shutter and the required shielding material, -three beam-flattening filters with filter identity cards to match filter and source, and nylon fixing wires with eyelets, see figure 5 , -a source stand to support the source holder and the matching beam-flattening filter, see figure 6 , -a distance gauge for the calibration distance of 30 cm, see figure 7, 
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-12 - -a turntable with a linear displacement device to position the dosemeter on it and to rotate it in 5° steps, see figure 8 , -a measuring bench to mount the source stand and to position it accurately and reproducibly at fixed calibration distances of 11 cm, 20 cm, 30 cm and 50 cm from the dosemeter, see figure 9 , -a temperature and humidity sensor, see figure 10 , -a control unit containing all electronic components (including an atmospheric air pressure sensor) to control the shutter and to measure all parameters of the irradiation, see figure 11 , -a software to operate the BSS 2 and to calculate the dose and dose rate together with the associated uncertainty, and -a notebook to assure fail-safe operation in case of power failure.
The Operating Manual of the manufacturer [11] gives all details for installing and operating the BSS 2.
-13 - 
-14 -
Source holder
A source set consists of three beta radiation sources, one each of the nuclides 147 Pm, 85 Kr and 90 Sr / 90 Y. Table 5 shows the most important parameters of these sources, together with the design data of the beam-flattening filters and the nominal dose rate values for the BSS 2. For comparison, the parameters of the BSS 1 are given in square brackets if they differ from those of the BSS 2.
The sources are mounted in a source holder which has a security shutter and is made of stainless steel of sufficient material thickness to assure the required shielding. Figure 4 shows the source holder with beta source, shutter and source coding pins. Opening of the shutter is prevented by a locking pin which is pushed back when inserting the source holder into the source stand. This ensures that the shutter can only be opened remotely by means of the BSS 2 irradiation device.
The source holder is labelled with the radionuclide and a number so that all source holders can be uniquely identified. For the BSS 2 this is achieved by the source coding pins. Dose rate measurements for radiation protection purposes with the shutter closed were performed on all three types of source holders and yield the maximum H* (10) and H'(0.07) values as given in table 6 . These values are in line with the limits for radioactive check sources.
Source stand
The source stand takes the form of a cross, see figure 6 . Inside the vertical beam (square pipe) are the source holder support with the sensors for source identification and shutter position and the solenoid for the actuation of the shutter. In addition, above and below the beam outlet two fixing devices for the beam-flattening filter are mounted. The horizontal beam (square pipe) carries the other two. These two fixing devices differ from each other, to assure a univocal mounting of the filter. The upper fixing device is designed to hold the filter card sensor into which the filter identity card is to be inserted. The other fixing devices are rods with different diameters. Table 6 . Dose rate measurements on the source holders for radiation protection purposes.
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Beam-flattening filter
The beam-flattening filters with the filter identity cards and eyelets at the ends of the fixing wires are shown in figure 5 . The dimensions of the beam-flattening filters are given in table 5; they have been adopted unchanged from BSS 1. The material is polyethylenterephtalate (Hostaphane ® , density 1.4 g/cm 3 ). They are mounted with nylon wires of 0.25 mm thickness and eyelets at three ends. At the top end the filter identity card is fixed. Source and beam-flattening filter are matched during calibration. The use of a different filter would invalidate the calibration and is prevented by the software.
Turntable with linear displacement device
The turntable and the linear displacement device, which is mounted on it, are shown in figure 8 . On the displacement device a plate is mounted which enables the fixing of different dosemeters by using tapped holes. The displacement device is adjustable by means of a micrometer screw and has a digital displacement indication. This enables the adjustment of the reference point of the dosemeter, so that it lies on the axis of rotation.
Measuring bench
The measuring bench is a standard aluminium profile (square pipe) manufactured by ITEM Industrietechnik GmbH (at D-42699 Solingen). The turntable is mounted at a fixed position, the source stand is adjustable at fixed calibration distances of exactly 11 cm, 20 cm, 30 cm and 50 cm from the axis of the turntable, see figure 9 . Sensors in the notch holes record these positions. Initial adjustment and alignment of the dosemeter is carried out at the 30 cm notch using a calibrated distance gauge, see figure 7.
Sensors for temperature, humidity and air pressure
A Pt 100 resistor as sensor for temperature and a semiconductor sensor for humidity are mounted in a holder (type Hygromer MP103A) manufactured by ROTRONIC Messgeräte GmbH (at D-76275 Ettlingen), see figure 10 . The sensor for atmospheric air pressure, type 470, manufactured by SETRA SYSTEMS, INC. (U.S.A.), is installed inside the control unit, see figure 11.
Vertical operation
The BSS 2 can also be mounted in such a way that a vertical beam is achieved. This is shown in figure 12 . All additional parts required to configure the BSS 2 for vertical beam irradiation are included in the commercially available version.
Control unit
Overview
The use of the BSS 2 requires a PC (a notebook is included in the commercial version of the BSS 2) with Windows © XP as operating system. Windows © Vista has not yet been tested. The control unit connects the PC with the measuring bench hardware and the source stand. The maximum cable length between the control unit and the measuring bench is 10 m.
In the current version the BSS 2 requires two ports at the PC, a serial port (RS 232) for the air pressure sensor and a printer port for the remaining electronics. The printer port is connected to a special interface board which provides all the required input and output lines. Figure 13 shows the block diagram of the control unit.
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Warning and security system
Whenever the shutter is opened, the red warning strobe light on top of the source stand is activated. Further warning lights can be connected to relay contacts at the control unit. Opening of the shutter is only possible if the safety circuit provided by the BSS 2 is closed. If this safety circuit is connected to a door switch, opening of the door would close the shutter. All these safety circuits are hard-wired, operating without software and without PC.
Software
Start and configuration
The start window of the software, see figure 14 , is used to select all menus of the program. In the first step several parameters of the BSS 2 have to be configured using the Configuration menu. Among others the decimal sign can be chosen.
Irradiation
In the Irradiation menu either 'dose rate' or 'dose' can be chosen. In both cases a new window is opened which is very similar to the other, see figure 15 and figure 16 . The user must choose the measuring quantity, the nuclide, the distance and, if required, the phantom, and then either the dose rate and the associated uncertainty is displayed (in the 'dose rate' window) or the user has to choose the dose value (in the 'dose' window). The irradiation may be started if all the parameters chosen are valid, that means in line with the actual conditions of the BSS 2. If not, then the respective input box has a red background, as can be seen in figure 16 for 'Distance'. In the case of dose irradiation, the shutter is closed after the preset dose has been reached and the final dose value plus associated uncertainty is displayed, see 3.2. For additional information for the user, the input boxes 'Dosemeter Number' and 'Remark' can be used. All irradiation data are saved when the shutter is closed. This also happens in case of a break in the safety circuit, mains power failure or user intervention. The irradiation data stored are the actual parameters of the measuring quantity, the type and set of the nuclide source, the distance and the selected phantom as well as the absorbed dose rate according to the reference date, time elapsed since reference date and the measured values for the irradiation time, temperature, air pressure and humidity. From all these data the actual dose (rate) is determined. For the determination of the dose, the mean values (for the irradiation period) of the measured climate values are used.
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Determination of the irradiation time
The internal clock of the PC is used for the measurement of the irradiation time. If no other programmes are run on the PC, as specified in the Operating Manual [11] , then the relative uncertainty of the PC clock can be assumed to be 10 -5 , which is totally sufficient for the use of the BSS 2, and this relative uncertainty will be neglected in the uncertainty determination. The time resolution is 55 ms, which is sufficient if the irradiation times are longer than about 10 s. As the software allows shorter times, this uncertainty is included in the uncertainty determination. The transition time of the shutter (time span for opening or closing the shutter) is determined using a software timer with 10 ms resolution. For short spans of irradiation time, the uncertainty is dominated by the uncertainty of the transition time. 
The time spans ∆t open and ∆t close are measured individually for each irradiation and are considered by the software when determining the uncertainty, see also paragraph 7.
Menu Test
The menu Test has two submenus, one to test the sensors and some internal hardware, see [11] , and one to test the shutter. If discrepancies between the climatic values indicated and those actually prevailing are detected they can be corrected using the Configuration menu. The submenu to test the shutter can also be used to perform irradiations without the control of the BSS 2 irradiation menu. The warning and safety system remains active.
Homogeneity of dose
The BSS 2 reference radiation fields belong to the series 1 reference radiation fields as specified by ISO 6980-1 [8] . The main characteristic of these fields is given in section 6. Pm." In the following this statement will be compared with measurements performed on the prototype of the BSS 2 at PTB.
Measurements were performed using medical films of the type AGFA Structurix D7 DW (18 cm × 24 cm), which were irradiated in the dark at the reference fields of the BSS 2 and then developed and measured by the PTB laboratory "Image Analysis" using a micro-densitometer. Fog consideration was performed using non-exposed films. The density curves (net density versus absorbed dose to tissue) were determined for every nuclide used. The results achieved suffer from the relatively large uncertainty (up to about 5%) of the film density curve if the same curve is used for the whole film sheet, e.g. due to inhomogeneous development. Therefore, only mean values are given in table 7. To represent the calibration value of PTB's calibration certificate, an average over a central area of 30 mm × 30 mm is given which is similar to the measuring electrode of the PTB primary extrapolation chamber (30 mm in diameter). The area of 15 cm in diameter, mentioned in ISO 6980-1, is represented by an area of 144 mm × 144 mm. All these values were normalised to the dose measured at the beam centre (measuring area about 10 mm in diameter). It can be seen that the mean values comply with the requirements of ISO 6980-1. Figure 18 gives, as additional information, the averaged radial dose distribution -determined from four measurements along four radii: from the centre of the beam to the right, upwards, to the left and downwards -normalized to the dose value at the centre (at 0 mm). The limits, as given by ISO 6980-1, of ± 5% (dotted blue lines) valid for 
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Beta-particle spectra of the various radiation fields
Besides homogeneity, ISO 6980-1 [8] requires some characteristics which could be determined from the beta energy spectrum. One is the minimal value of the residual maximum beta energy, E res, min , which is 0. 13 Sr / 90 Y. Another characteristic is the adequate radiochemical purity. In addition, the energy spectra must be known for the dose rate calibration, as some correction factors depend on the spectral distribution. The measurements were performed using a special spectrometer developed at PTB. It consists of two Si(Li) semiconductor detectors mounted one behind the other, see figure 20 . The measurements are performed in two steps: Firstly, the low-energy part of the spectrum is measured with the increased energy resolution of the thin detector, and secondly, the highenergy part is measured with the lower resolution of the thick detector. Due to the brass aperture, nearly all beta particles entering the spectrometer were totally absorbed by the two semiconductor detectors. Therefore, the pulse height spectra determined without any deconvolution are sufficient for the above-mentioned purposes.
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-23 - The pulse height spectra were determined as follows: 1. The low-energy pulse height spectrum (LES) is given by the pulse heights of the thin detector, measured in anticoincidence with the thick detector. 2. The high-energy pulse height spectrum (HES) is given by the sum of the pulse heights of both detectors, measured in coincidence and provided the pulse height of the thin detector exceeds a given trigger level. For both signals the zero effect (pulse height spectrum without beta source) is subtracted. At an energy of about 200 keV, both spectra were combined, see figure 21 for the example of a 85 Kr source. The combined spectrum is calibrated using a 207 Bi source. Small hops occurring at the combination energy were of no importance for the purpose of these measurements and were smoothed out. Table 8 . Characteristic energies of the beta sources of the BSS 2. E max is the maximum beta energy of the pure nuclide, E res, min the minimum value of the residual maximum beta energy as given by ISO 6980-1, E res, BSS 2 the residual maximum beta energy of the BSS 2 and 2 BSS E the mean energy of the beta-particle spectrum of the BSS 2, all measured at the respective calibration distance.
By means of this method, the spectra for all the sources of the BSS 2 and for 204 Tl of the BSS 1 were determined, see figure 22 . For the BSS 1, the spectra were measured for any calibration and compared with the spectra measured for the BSS 1 prototype. Many years of experience have shown that no significant differences have occurred. Even the change from 204 Tl to 85 Kr causes no difference which would have to be taken into account when determining the absorbed dose to tissue,
, for the calibration of the BSS 2 sources, e.g. with the primary standard of the PTB. This experience, together with the ISO 9000 certification of the quality management system of the source manufacturer, leads to the conclusion that such spectral measurements are not necessary.
From these spectra, the characteristic energies of the BSS 2 as given in table 8 are determined. It can be seen that all the requirements of ISO 6980-1 were met.
Uncertainty determination
The determination of the expanded uncertainty (k = 2) of the dose (rate) at the point of test is performed by the BSS 2 software according to the "Guide to the expression of uncertainty in measurement" (GUM) [7] . As All the following calculations were performed using the software "GUM workbench" [23] . Table 9 gives the uncertainty budget for the correction factor for radioactive decay, k de . determined according to equation (3.3) . It is assumed that the date, t, is 730 d after the reference date of the calibration, the uncertainty is assumed to be 1 d with a rectangular probability density distribution. For t 1/2 see table 1. Table 10 gives the uncertainty budget for the air density, ρ air , determined according to equation (3.12) . It is assumed that the air pressure is p = (99.7 ± 0.1%) kPa, the relative humidity r = 0.57 ± 0.02 and the temperature T = (294.1 ± 0.3) K, where the uncertainty for air pressure is a standard uncertainty taken from the datasheet and the two other uncertainties are given as rectangular probability density distributions. Table 12 . Uncertainty budget for the correction factor for the air attenuation, c abs , see equation (7.1). Table 11 gives the uncertainty budget for the additional tissue equivalent thickness, ∆X, determined according to equation (3.11) . The uncertainty of ρ air,0 is set to zero, see 3.4. For the data for the 147 Pm source, see 3.4 and table 3.
The correction factor for the air attenuation, c abs , is determined from this ∆X value according to equation (3.7). There is a correlation between X 0 and f 0 , f 1 and f 2 . To consider this correlation, equation (3.7) must be rewritten to take account of the normalization according to the equations (3.6) and (3.10): 
The measurement result for the directional dose equivalent, H'(0.07; 45°), at 45° radiation incidence, is:
H'(0.07; 45°) = (1810 ± 130) µSv The reported expanded uncertainty of measurement is stated as the standard uncertainty of measurement multiplied by a coverage factor k = 2, which for a normal distribution corresponds to a coverage probability of approximately 95%. The standard uncertainty of measurement has been determined in accordance with the Guide to the Expression of Uncertainty in Measurement.
Calibration of the beta sources by PTB
All calibrations of beta sources of the BSS 2 at PTB were performed using the national primary standard measuring device [15] , [16] . The PTB uses an extrapolation chamber for the determination of the [9] . Figure 24 shows the calibration of BSS 2 sources at the primary standard measuring device.
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Experiences gained from the calibration of 25 source sets
Since 1997, PTB has calibrated more than 30 source sets of the BSS 2. Three source sets were used by PTB, two of them were included in nearly every calibration series for quality control purposes. Table 15 shows the results obtained for these PTB source sets for the first 6 calibration series of 25 source sets. The relative standard deviation of a single measurement is less than 1% for 85 Kr and 90 Sr / 90 Y and less than 2.5% for 147 Pm. This shows the long-term stability of the sources for a period of about 10 years. The enhanced standard deviation of 147 Pm is due to the fact that 147 Pm is more difficult to measure than other nuclides with higher beta-particle energies. The source manufacturer recommends to replace the sources after 10 years. The manufacturer states that the delivered activity of the BSS 2 sources is within ± 30% of the nominal activity. To check this, the measured dose rate values of all the sources calibrated at PTB were normalized to the nominal activity, Another criterion for the constancy and quality of the sources is the constancy of the transmission function. This is shown in figure 25 for all the 25 calibrated 90 Sr / 90 Y sources for different measuring conditions. As only small deviations can be seen, the statement of the manufacturer is confirmed again.
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A further criterion concerning the constancy of the source window (see table 5 ) is the ratio of the currents measured by the extrapolation chamber with and without a cover of 50 µm Hostaphane ® (equivalent to about 70 µm tissue). This is shown in table 17. Again, only small deviations occur. All these measurements show that the specifications given in table 5 are fulfilled by the manufacturer.
International Intercomparison NIST -PTB
Two source sets of the BSS 2 were calibrated at PTB and then calibrated again at NIST (USA) using their national primary standard measuring device. This can be interpreted as an intercomparison between NIST and PTB with the BSS 2 as transfer standard. is the standard uncertainty of the calibration at PTB. All absolute E n values are below 0.6. Absolute values below 1 indicate that the metrological equivalence is given, so there is no indication for differences in the calibration. An international EUROMET intercomparison of beta national standards is currently being performed. This will furnish further information on the quality of the PTB calibration and, consequently, on the BSS 2 quality.
Conclusion
The Beta Secondary Standard (BSS), developed 30 years ago, has proven to be a reliable tool for the dissemination of the unit of the absorbed dose to tissue for beta radiation. The reproducibility of the PTB primary standard measuring device is of the order of 1% for 85 Kr and 90 Sr / 90 Y and less than 2.5% for 147 Pm over this long time span. The BSS 2, developed in 1997, is a substantial improvement offering all the advantages of the BSS 1, but with much more ease of use.
The calibration of the BSS 2 at PTB agrees with the calibration at NIST by better than 1.6%.
